ABSTRACT Mountain pine beetle (Dendroctonus ponderosae) is the most important insect pest in southern Rocky Mountain ponderosa pine (Pinus ponderosa) forests. Tree mortality is hastened by the various fungal pathogens that are symbiotic with the beetles. The phenylpropanoid 4-allylanisole is an antifungal and semiochemical for some pine beetle species. We analyzed 4-allylanisole and monoterpene proÞles in the xylem oleoresin from a total of 107 trees at six sites from two chemotypes of ponderosa pine found in Colorado and New Mexico using gas chromatographyÐmass spectroscopy (GC-MS). Although monoterpene proÞles were essentially the same in attacked and nonattacked trees, signiÞcantly lower levels of 4-allylanisole were found in attacked trees compared with trees that showed no evidence of attack for both chemotypes.
Ponderosa pine, Pinus ponderosa Douglas ex Lawson (Pinaceae), is widely distributed across western North America and is of major importance both ecologically and economically (Fowells 1965) . Live ponderosa pine is susceptible to attack by the mountain pine beetle, Dendroctonus ponderosae Hopkins (Coleoptera: Curculionidae). Mortality of host trees is common and is enhanced by symbiotic fungi found with mountain pine beetle (Paine et al. 1997) . Host selection by beetles and viability of obligate fungi within pine hosts may depend on different chemical proÞles found in host trees, and these differences may impact pine beetle success (Sturgeon 1979, Thoss and Byers 2006) .
At least four morphologically distinct taxa or races of ponderosa pine have been identiÞed (Conkle and CritchÞeld 1988, Lauria 1991 ). There is not yet agreement on these classiÞcations, but P. ponderosa variety scopulorum Englemann predominates in the Colorado Rocky Mountain region and P. ponderosa variety brachyptera (Engelmann) E. Murray (unpublished data) or P. ponderosa variety arizonica (Engelmann) Shaw in New Mexico (Earle 2006) . Chemotaxonomic studies have shown varieties of P. ponderosa can be distinguished by their oleoresin compositions into Þve geographic regions (Smith 1966 , 1977 , Von Rudloff and Lapp 1992 . Other studies indicate that production of essential oils has a strong genetic component (Smith 2000 , Latta et al. 2003 , Keeling and Bohlmann 2006 and that they act as semiochemicals in a variety of Dendroctonus species (Borden 1989 , Langenheim 2003 .
One compound present in ponderosa pine (Iloff and Mirov 1954) that has proven to be signiÞcant to cone (Rappaport et al. 2000) and various pine bark beetles (Werner 1995) is the phenylpropanoid 4-allylanisole , an essential oil produced by the shikimate pathway (Sangwan et al. 2001 , Iijima et al. 2004 , Martin et al. 2006 ). It has been tested in funnel traps for a variety of beetles in Oregon (Joseph et al. 2001) . At high release rates (4.3 mg/h), it deterred all of the beetles tested, including Dendroctonus valens LeConte (Coleoptera: Curculionidae). However, at low rates (0.6 mg/h), it served as an attractant to D. valens, suggesting 4-allylanisole may have a complex mode of interaction. Hayes et al. (1994) tested it in comparison to the repellent verbenone on Dendroctonus frontalis Zimmerman (Coleoptera: Curculionidae). Unlike verbenone, traps containing 4-allylanisole deterred both male and female beetles proportionately. They also found that 4-allylanisole did not repel beetle predators such as Temnochila chlorodia (Mannerheim) (Coleoptera: Trogositidae) and that 4-allyanisole repelled Ͼ95% of D. ponderosae beetles in laboratory tests. In studies of Caribbean pine (Pinus caribaea variety hondurensis (Sé né clauze) W. H. Barrett and Golfari), we found relative percentages of 4-allylanisole to be inversely correlated with the degree of attack by D. frontalis (Snyder and Bower 2005) .
Symbiotic fungi associated with D. ponderosa, D. jeffreyi Hopkins (Paine and Hanlon 1994) , and D. frontalis (Bridges 1987) (Hofstetter et al. 2005) . Because O. minus negatively impacts beetle larvae, a change in competitive ability would be inimical to the beetle. However, higher percentages of some major monoterpenes such as ␣-pinene and ␤-pinene are correlated with greater success of some of the mycangial fungal species and thus the success of bark beetles in their hosts. Such studies suggest that 4-allylanisole may play an important role in moderating the mortality inßicted by various Dendroctonus species and their symbiotic fungi. This complexity may also be a factor in the mixed results thus far for 4-allylanisoleÕs role in moderating beetle-induced mortality (Strom et al. 2002) .
Levels of 4-allylanisole have also been shown to be negatively correlated with stressors such as photochemical air pollutants in ponderosa pine (Cobb et al. 1972) . Nebeker et al. (1995) found 4-allylanisole to be lower in lodgepole pine (Pinus contorta Douglas variety latifolia Engelmann) infected by Comandra blister rust (Cronartium comandrae Peck) or the root pathogen Armillaria mellea (Vahl: Fries) Kummer. Furthermore, Tkacz and Schmitz (1986) found that endemic mountain pine beetle attack was related to the presence of Armillaria in lodgepole pine. Thus, it may be that 4-allylanisole is one of the factors that inßuences host selection by a variety of beetles because it may signal the relative vigor or suitability of a particular tree compared with its neighbors.
To our knowledge, xylem percentages of 4-allylanisole in beetle-attacked versus nonattacked ponderosa pine have not been reported in the literature. We therefore undertook this study to test the following speciÞc hypotheses: (1) during the period of active attack, signiÞcantly lower relative percentages of 4-allylanisole will be found in the xylem oleoresin of beetle-attacked ponderosa pines versus paired trees with no visible sign of attack, and (2) different ponderosa pine chemotypes will have different relative percentages of 4-allylanisole, potentially making some varieties more susceptible to beetle attack.
Materials and Methods
Sample Collection. Oleoresin was collected overnight in glass vials Þtted tightly into 14-mm holes drilled at an upward angle into live trees during the summer of 2007 when mountain pine beetle was active. Some 60 pairs of attacked/nonattacked P. ponderosa in six stands dispersed across Colorado and New Mexico were sampled from two different ponderosa pine chemotypes. Each attacked tree was paired with a tree from the same stand that showed no evidence of attack. The trees were matched for aspect and diameter (ranging from 12 to 79 cm measured at breast height, corresponding to an age range from 50 to 300 yr), and each nonattacked tree was located within 50 m of the attacked tree.
Live, beetle-attacked trees with pitch tubes that continued above 2.5 m were opportunistically sampled because these were more likely to have been attacked by D. ponderosae. The red turpentine beetle, D. valens, favors the root collar of the tree. To conÞrm attack by mountain pine beetle, live beetles were extracted from pitch tubes from selected host trees and positively identiÞed as D. ponderosae. No D. valens were observed. Twelve trees were also resampled in August and October to estimate any seasonal variation in chemical proÞle.
Sample Analysis. Vials of the oleoresin collected from the trees were capped tightly, stored at 4ЊC, and analyzed within 48 h. After weighing the vials to obtain the ßow rate, subsamples of the oleoresin were diluted with heptane (reagent grade; Fisher ScientiÞc, Pittsburgh, PA). Subsequent analysis was immediately conducted using gas chromatographyÐmass spectroscopy (GC-MS) (Agilent-6890; Santa Clara, CA) with a 30 m Agilent-624 capillary column and a temperature program (50ЊC, 5 m; ramp at 5ЊC/m to 120ЊC; ramp at 20ЊC/m to 250ЊC) with a 10:1 split injection that resolved all major monoterpenes and 4-allylanisole. Calibration and identiÞcations based on mass spectra and retention times were veriÞed using the same instrument with a FID and authentic standards (SigmaAldrich St. Louis, MO; Chemos GmbH, Regenstauf, Germany).
Statistical Analysis. The data were processed using the statistical package Minitab 15 (Ryan et al. 2007 ). Nonparametric tests (Mann-Whitney) were used because relative percentage data and their arcsine square-root transformations did not have Gaussian distributions, except for those of 4-allylanisole. Not all trees yielded oleoresin, so statistical analyses of individual standsÕ 4-allylanisole were performed using one-tailed, two-group tests instead of paired tests. Our primary hypothesis was that 4-allylanisole would be higher in the trees free from attack, so one-tailed tests are appropriate here.
Results and Discussion
Results of the statistical analysis of the six sites support our primary hypothesis (Table 1 ). In Þve of the six sites, trees that were not attacked had signiÞ-cantly higher relative percentages of 4-allylanisole compared with trees attacked by D. ponderosae. The one exception, BrownÕs Creek, located near the boundary of two chemotypes, showed the same trend, but results are confounded by apparent overlap of the two chemotypes. Three of the 11 trees that produced oleoresin at BrownÕs Creek better Þt the chemical proÞle of ponderosa pines from New Mexico than the proÞle for Colorado.
Our second hypothesis was that different chemotypes have different levels of 4-allylanisole. The two chemotypes in this study (Table 2) are consistent with SmithÕs (1966 SmithÕs ( , 1977 SmithÕs ( , 2000 categories based on monoterpene proÞles. Nine monoterpenes differed signif-icantly (Mann-Whitney; N ϭ 96, 10; P Յ 0.001) between our Colorado and New Mexico sites. Relative percentages of 4-allylanisole (Table 2) were about one half as large in the New Mexico samples as in those from Colorado (Mann-Whitney; N ϭ 96, 10; P Յ 0.015). If absolute percentages of 4-allylanisole are more important than relative percentages in mediating beetle attack, the New Mexico chemotype may be more susceptible to attack as it had lower absolute concentrations.
Consistent with our Þrst hypothesis, we note that, in both the Colorado and New Mexico chemotypes, 4-allylanisole percentages were about one half as large in attacked trees as they were in nonattacked trees (Table 2). This ratio is similar to that found in P. caribaea attacked by D. frontalis (Snyder and Bower 2005) . The constancy of this ratio across different chemotypes and species suggests the possibility that relative rather than absolute percentages may be more biologically relevant in these systems. Absolute percentages of monoterpenes in the oleoresin for attacked (29 Ϯ 2%; Ϯ95% CL, N ϭ 50) and nonattacked (28 Ϯ 2%; Ϯ95% CL, N ϭ 57) ponderosa pine trees were not signiÞ-cantly different.
The remainder of the oleoresin was comprised almost entirely of compounds with higher boiling points (e.g., resin acids and diterpenoids). Neither 4-allylanisole nor the total monoterpenes were correlated with ßow rate. Nor was ßow rate signiÞcantly different in paired attacked (4.1 Ϯ 0.7 g/d; Ϯ95% CL, N ϭ 33) and nonattacked (3.8 Ϯ 0.7 g/d; Ϯ95% CL, N ϭ 33) trees. Numbers of pitch tubes on attacked trees did not have a signiÞcant inverse correlation with 4-allylanisole levels. Furthermore, ratios of the fall to summer relative percentages of 4-allylanisole were essentially invariant (1.05 Ϯ 0.09; Ϯ95% CL, N ϭ 12). Of the parameters quantiÞed, only 4-allylanisole exhibited signiÞcant differences between the attacked and nonattacked trees with higher concentrations in the trees without visible signs of attack (Mann-Whitney; N ϭ 57, 50; P Ͻ 0.0001). We stress, however, that this relationship does not establish causation.
4-Allylanisole is especially interesting because of its reported importance to a variety of beetleÐ host tree interactions (Hayes et al. 1994 , Nebeker et al. 1995 , Werner 1995 , Boyd 1998 , Joseph et al. 2001 , Snyder and Bower 2005 . Hayes et al. (1994) found 4-allylanisole repelled Ͼ95% of D. ponderosae beetles tested, a result that was greater than for the other three Dendroctonus species in their study (D. brevicomis, D. frontalis, and D. rufipennis) . They also noted that the ratio of ␣-pinene to 4-allylanisole was especially important to D. frontalis. Although no signiÞcant correlation was found between 4-allylanisole and any August 2008of the monoterpenes in our study, interaction effects between 4-allylanisole and other compounds may be important in host selection and patterns of mortality for mountain pine beetle and ponderosa pine. Our results from six different stands widely distributed across Colorado and New Mexico showed that ponderosa pine trees under attack by mountain pine beetle consistently had lower relative percentages of 4-allylanisole compared with nonattacked trees. This suggests that 4-allylanisole, alone or in combination with other tree characteristics, may play a role in observed patterns of mountain pine beetle attack in ponderosa pine forests of the southern Rocky Mountains.
